Abstract. We present non-resonant inelastic x-ray scattering measurements (NRIXS) of the contribution of each initial state orbital in MgO to the dynamic structure factor. We find good agreement with previous x-ray absorption fine structure (XAFS) measurements and with previous electron energy loss spectroscopy (EELS) measurements for the corresponding edges. We also find good agreement with ab initio calculations when the interaction between the core hole and the photoelectron is treated properly. These measurements demonstrates the flexibility of a new user facility dedicated to measurement of NRIXS from core-shell electrons, the lower energy resolution inelastic x-ray scattering (LERIX) spectrometer located at sector 20 PNC-XOR of the Advanced Photon Source. The LERIX user facility provides a bulk-sensitive alternative to, and in some cases extension of, soft x-ray XAFS measurements.
INTRODUCTION
The close relationship between x-ray absorption fine structure (XAFS) and non-resonant inelastic x-ray scattering (NRIXS) measurements has seen growing theoretical interest [1, 2] , experimental applications [3] [4] [5] [6] , and novel instrument development [7] . In the limit of low momentum transfer q, the dynamic structure factor ( , ) S q ω measured in NRIXS and the x-ray absorption measure the same transition matrix element, albeit with the role of the direction of polarization of the incident radiation in XAFS replaced by the direction of the momentum transfer vector in NRIXS 4 . For higher q, non-dipole transitions contribute to ( , ) S q ω , thus accessing final states which are forbidden in the direct XAFS measurements of the same initial states.
Two questions naturally arise: first, what are the relative experimental merits of the two techniques, and second, what additional information can be extracted from ( , ) S q ω when q becomes large. Here we present new NRIXS results on the contribution to ( , )
S q ω of
MgO from 2p and 1s orbitals of both Mg and O, i.e., from every edge in MgO. These results serve three important roles. First, they illustrate the ease with which multiple edges spanning a wide energy range from the hard UV to the soft x-ray regime past 1 keV can be studied with the same NRIXS spectrometer, whereas the analogous absorption measurements would require trips to multiple beamlines. Second, the results allow straightforward, illustrative discussion of the relationship between the magnitude of q and the angular momentum selection rules for the NRIXS. Third, the interaction between the core hole and the photoelectron for some orbitals in MgO is known to be important, and hence the measurements provide a useful test for theory [8] [9] [10] .
EXPERIMENTAL
All measurements were performed using the lower energy resolution inelastic x-ray scattering (LERIX) spectrometer [7] , located at the undulator beamline 20-ID PNC-XOR of the Advanced Photon Source. For the measurements reported here, LERIX provided simultaneous measurement of NRIXS at 10 different momentum transfers, ranging from 0.8 to 10.1 Å -1 . The MgO sample was a polished high-quality single crystal. The measurements were performed in socalled inverse scanning mode, where the energy of the incident radiation is scanned using the beamline monochromator while each of the ten spherically-bent analyzer crystals are tuned to approximately 9889 eV, near to the backscattering limit for the Si 555 Bragg reflection. The energy resolution was 1.3 eV, and was dominated by the resolution of the monochromator. The penetration length of the incident radiation in MgO is ~200 μm, and hence our measurements are strictly sensitive to the bulk properties of the sample.
RESULTS AND DISCUSSION
We show ( , )
S q ω at low energy loss (i.e., from the relatively weakly bound 2p, 2s, and 3s shells) from MgO in Fig. 1 In Fig. 2 , we compare the experimental (top curves) Mg 2p contribution to ( , ) S q ω for q = 0.8, 2.4, 6.6, 7.7, 8.6, and 9.8 Å -1 to the corresponding FEFF calculations 1 (bottom curves). An ad hoc exponential fit was used to remove the valence Compton contribution for q = 0.8 and 2.4 Å -1 . These qdependent calculations used a full-multiple scattering entirely for a 250 atom cluster with 1.0 eV FWHM broadening.
The core-hole interaction was approximated using the final state rule.
The location of four significant features in the spectra, labeled a-d in the Fig. 2 , show good agreement between the experimentally measured and the calculated ( , ) S q ω . The angular momentum of the final state for these features can be inferred by consideration of selection rules together with the ptype character of the initial state. For instance, the relative decrease in amplitude for features a, c, and d with momentum transfer indicate that they are predominantly d-type in character. By contrast, the increase in feature b's relative intensity suggests a ptype symmetry resolved by quadrupole p → p transitions.
Unlike Mg's L 2,3 -edge, the small size of the Mg and O 1s initial states limits their NRIXS to dipoleallowed p-type final states. In this regime, the signal from several analyzers of the LERIX spectrometer can be integrated for more rapid measurement, and then compared with absorption (i.e. dipole) calculations from FEFF. We show in Fig. 3 the near-edge structure for the O 1s initial state (i.e., the K-edge). The solid line is the predication of FEFF8.2, using the same cluster size and other theoretical parameters as for the calculations of the lower energy edges. The agreement is generally very good, with the exception of the relative weighting of the two features at 537 and 539 eV.
A similar disparity can be seen in the contribution to ( , ) S q ω from the Mg 1s initial state, which we show in Fig. 4 . Our results (the bottom curve in the figure) agree well with prior soft x-ray and electronenergy-loss measurements [11, 12] . The two solid curves are taken from the work of Ankudinov, et al. [10] . These represent the predictions of FEFF8.2 and of a modification of FEFF8.2 which includes the Coulomb interaction by incorporating the BetheSaltpeter equation into FEFF. As found in their study, we see that the agreement between theory and experiment is improved when the Coulomb interaction is included. In summary, we have measured the non-resonant inelastic x-ray scattering from every edge in MgO. The results for the Mg 2p and Mg and O 1s contributions to ( , ) S q ω are in reasonable agreement with calculations of the dynamic structure function using FEFF. On a more qualitative note, the evolution with q of notable features in the lower energy region allows identification of the final states symmetries. Finally, it is important to recognize that these measurements, where useful information spans from ~10 eV to greater than 1300 eV energy loss, were straightforward to perform using NRIXS at a single beamline and without any special sample preparation. The analogous, direct UV and soft x-ray absorption measurements instead require careful surface preparation and measurements at multiple beamlines in order to cover the wide energy studied here.
